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Summary
The structure and dynamics of human calmodulin-like
skin protein (CLSP) have been characterized by NMR
spectroscopy. The mobility of CLSP has been found
to be different for the N-terminal and C-terminal
domains. The isolated domains were also expressed
and analyzed. The structure of the isolated C-terminal
domain is presented. TheN-terminal domain is charac-
terized by four stable helices, which experience large
fluctuations. This is shown to be due to mutations in
the hydrophobic core. The overall N-terminal domain
behavior is similar both in the full-length protein and
in the isolated domain. By exploiting the capability
of Tb3+ bound to CLSP to induce partial orientation of
the molecule in a magnetic field, restricted motion of
one domain with respect to the other was proved. By
using NMR, ITC, and ESI-MS, the calcium and magne-
sium binding properties were investigated. Finally,
CLSP is framed into the evolutionary scheme of the
calmodulin-like family.
Introduction
The EF-hand superfamily of proteins is constituted by
a variety of families, many of which originated by ‘‘cata-
strophic’’ (Gatenby and Frieden, 2004; Mangubat et al.,
2003) mutations from a common ancestor directly re-
lated to the present calmodulin (CaM). The different
families have acquired substantially different functions.
*Correspondence: ivanobertini@cerm.unifi.itIn contrast, mutations within each family are thought
to produce a less severe impact on the behavior of their
members, but still there are marked differences within
each family. Considering the CaM-like family, both
CaM (Kuboniwa et al., 1995) and TnC (troponin C) (Hou-
dusse et al., 1997) have two virtually independent globu-
lar domains connected by a flexible linker, whereas in
the calcium-dependent protein kinase (CDPK) and in
recoverin, the two domains are structurally close to
one another (Weljie and Vogel, 2004; Flaherty et al.,
1993). CDPK has been reported to be a molten globule
in the apo form and to assume a defined fold only in the
calcium loaded state, while CaM, TnC, and recoverin
are folded both in the apo and in the calcium-loaded
forms. Moreover, CaM and CDPK have two higher affinity
binding sites located in the C-terminal domain and two
lower affinity binding sites in the N-terminal domain,
while TnC binds the first two Ca2+ ions in the N-terminal
domain, and then it fills the C-terminal domain binding
sites with lower affinity, and recoverin binds only two
calcium ions: one in the N-terminal domain (second EF-
hand) and one in the C-terminal domain (third EF-hand)
(Ames et al., 1997). In short, a variety of different behav-
iors have been observed even within the members of
the same family.
Here, we report the structural and dynamic character-
ization of a new member of the CaM-like family, human
CaM-like skin protein (CLSP), which keeps adding vari-
ability to the multicolored world of EF-hand proteins.
CLSP is a 146 residue (15.92 kDa) protein that shares
49% of identity with CaM. At variance with the ubiqui-
tous CaM, CLSP is reported to be expressed only in
epithelial cells, where it may be involved in the Ca2+-de-
pendent differentiation process of keratinocytes to cor-
neocytes (Mehul et al., 2000). Particularly, it is expressed
at very late stages of differentiation just underneath the
stratum corneum and is considered to play an important
role in this process. We find that, with respect to the
CaM ancestor, a number of mutations in the N-terminal
domain of CLSP render the behavior of the two domains
markedly different. The N-terminal domain is highly mo-
bile, and its behavior has been characterized by NMR,
the most suitable technique to obtain information on
highly mobile systems. The high-resolution structure of
the well-folded C-terminal domain has been determined
by NMR on the isolated domain and proved to be the
same in the full-length protein. Finally, the binding of
calcium and magnesium ions to the protein has been
reanalyzed.
Results
Structural and Dynamic Studies
Full-length CLSP, expressed as reported in the Experi-
mental Procedures section, was characterized by means
of ESI-MS and CD. The deconvolution of the mass spec-
trum displays one single peak with the maximum corre-
sponding to 15,918 Da, which, within the error of the
measurement, corresponds to the mass of the protein
without any modification. The far UV dichroic spectrum
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ture and consistent with a normal four EF-hand domain
protein.
The backbone sequence-specific assignment of full-
length apo-CLSP was performed by means of standard
triple resonance NMR experiments on a doubly labeled
13C-15N sample. Eighty-seven percent of the residues
were assigned, the missing ones (19) being in loops or
in the interdomain linker. The chemical shift index (CSI)
analysis on the Ca signals indicates that a-helical con-
formations are adopted by the following stretches of
primary sequence: res. 8–19, 34–39, 46–55, 65–72, 80–
86, 100–109, 116–124, and 136–143. These eight helical
stretches are very similar to those in CaM. In order
to complete the sequence-specific assignment and
attempt the structure determination, we recorded
[1H-15N] HSQC-NOESY and [1H-13C] HSQC-NOESY ex-
periments. However, from their analysis, it appears
that the number of long-distance NOEs is too small for
a protein of this size, and most of them occur in the C-
terminal domain. HSQC spectra were also recorded at
23ºC, 21ºC, 19ºC, 17ºC, and 15ºC. Besides some tem-
perature-dependent shifts, the spectra are very similar.
Therefore, all subsequent experiments were performed
at 25ºC. The isolated N- and C-terminal domains (N-
CLSP and C-CLSP, respectively) were then produced,
as described in the Experimental Procedures. As in the
full-length protein, N-CLSP was also found to lack
long-range NOEs, while C-CLSP showed a higher num-
ber of NOE crosspeaks in the 3D 15N-edited NOESY with
respect to the full-length protein. The number of NOESY
crosspeaks decreased upon addition of calcium, so that
the apo form of the isolated C-CLSP was selected to de-
termine the solution structure. The backbone sequence-
specific assignment of C-CLSP was obtained by the
analysis of experiments recorded on unlabeled and
15N-labeled samples. All the HN resonances but one
(G132) and 95% of proton resonances were assigned
from these spectra. The structure has been determined
on the basis of 1304 meaningful NOEs derived from
a [1H-1H] NOESY spectrum and 40 f dihedral angles
restraints determined through the HNHA experiment
(Vuister and Bax, 1993). These restraints (see Table 1)
were used in the structure calculation, obtaining a family
of 20 conformers (PDB entry: 2B1U) with an rmsd to the
mean structure for backbone and heavy atoms equal to
0.80 A˚ and 1.38 A˚, respectively. The target function of
the family of structures is 0.47 6 0.08 A˚2, and there are
no consistent violations. Considering only a-helical seg-
ments, the rmsd value for the backbone atoms drops to
0.55 A˚. A plot of backbone rmsd values per residue is
shown in Figure 1B. The structure (see Figure 2) is char-
acterized by four a helices in the typical arrangement
of an EF-hand domain: a1 (80–88), a2 (100–110), a3
(116–125), and a4 (136–144). The expected short anti-
parallel b sheet between the two EF-hand motifs is pres-
ent only in nine out of the 20 lowest energy structures.
For the residues under examination, the f angles are
consistent with a b strand conformation, although the
NOEs typical for the b sheet structure are missing in
the NOESY spectra probably due to the relaxation prop-
erties of the considered residues. The angles between
the helices, calculated on the minimized mean structure
with MOLMOL, are normal for an apo CaM-like domain(Nelson et al., 2002). As in many other members of the
family, an extended hydrophobic cluster is found, con-
stituted in this case by F87, I98, V100, L103, M122,
I123, V134, and F139.
The HSQC peaks of C-CLSP are nearly identical to
those found for the same domain in the full-length pro-
tein (Figure S5). This indicates that the structure deter-
mined for the isolated domain is the same as that of
the C-terminal domain in the full-length protein, although
the latter may experience a somewhat higher mobility
as indicated by the lower number of NOE peaks.
Due to the unexpected highly dynamic nature of CLSP,
it becomes interesting to further investigate its dynamic
properties. 15N relaxation experiments (T1, T2, and
{1H}-15N NOE) were performed on the full-length protein;
the data shown in Figure 3 regard 94 residues, the others
being either unassigned or overlapping to other signals.
Negative NOEs, typical of fast-reorienting NH moieties
(Cavagnero et al., 2001; Yao et al., 2001; Bertini et al.,
2003b), are experienced by residues in the first two
loops (T27, N29, A30 and S58, D59, G60) and in the inter-
domain linker (A73). The other NOE values are rather uni-
form, those higher than 0.5 averaging to 0.696 0.01. The
R1 plot also shows a relatively uniform trend of values,
apart from some residues in the first two loops and in
the interdomain linker, which display somewhat smaller
R1 values, and residues E46 and Q116 (located in the in-
ter-EF-hand linkers of the N- and C-terminal domains,
respectively), which show larger values. Small R1 values
are likely to arise from fast mobility (Barbato et al., 1992),
in agreement with the negative NOEs in the same re-
gions, while there is no univocal interpretation for the
largerR1 values in the inter-EF-hand linkers. All the other
R1 values average to 2.22 6 0.02 s
21. The R2 values
turned out to be much more variable, especially within
the N-terminal domain. Particularly, high values are
shown by K38, from helix 2; E46 and S54, from helix 3;
E67, from helix 4; and R124, from the second loop of
the C-terminal domain. Here, some chemical exchange
broadening is operative. The other R2 values average
to 8.55 6 0.15 s21. Neither the NOEs nor the R1 values
show significant systematic differences between the
two domains, despite the apparent much larger mobility
of the former. Instead, a small but significant difference
Table 1. Type and Number of Restraints Used in Cyana
Calculations and Structural Statistics
NMR Restraints
Distance restraints
Total 1304
Intraresidue 249
Sequential: (i,i+1) 309
Medium range: (i,i+2) to (i,i+5) 367
Long range: from (i,i+5) 379
Dihedral angles F 40
Stereospecific assignments 12
Structural Statistics
Most favored region 80.3%
Additional allowed region 14.8%
Generously allowed region 4.9%
Disallowed region 0.0%
Number of bad contacts/100 residues 0
Overall G factor 20.29
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mains: the N-terminal domain has an average R2 of
9.05 6 0.23 s21, while the C-terminal domain has an
average R2 of 8.14 6 0.16 s
21. A Student’s t test on the
two ensembles of data representing the distribution of
R2 values within the N- and C-terminal domains confirms
that the mean values are significantly different with a
confidence higher than 99.9%. The similar R1 and the
slightly larger R2 values of the N-terminal domain com-
pared to those of the C-terminal domain are consistent
with the former domain being affected by extended
ms-ms mobility, which, however, is at the edge of detect-
ability and therefore closer to ms. The average NOE, R1,
and R2 values (0.69, 2.2 s
21, and 8.6 s21) for the entire
protein are not much different from those found in cal-
modulin (0.73, 2.0 s21, and 8.5 s21, respectively, at
37ºC). For both proteins, a crude estimate of tr from the
R2/R1 ratio is 6–7 ns, which is shorter than predicted for
a globular protein of the same molecular weight, but is
consistent with a two-domain protein (Barbato et al.,
1992; Tjandra et al., 1995; Baber et al., 2001).
To further investigate the degrees of freedom of one
domain with respect to the other, CLSP was titrated
with Tb3+ up to 1:1 and, by using its magnetic suscepti-
bility anisotropy as an internal orienting device (Barbieri
et al., 2002; Bertini et al., 2004), the paramagnetism-
induced RDC values were measured. The peaks by far
most affected by the addition of terbium ions are those
from the first EF-hand of the N-terminal domain, so
this can be safely considered the site of binding. These
peaks were chosen as markers to follow the Tb3+ addi-
tion, their disappearance indicating the end point of the
titration. From the analysis of the J-coupled HSQC
Figure 1. Structural Statistics
(A) Number and type of NOE restraints per residue. Color code:
white, intraresidue; light gray, sequential; heavy gray, medium
range; black, long range.
(B) Backbone rmsd to the mean structure of CLSP versus residue
number.experiments, it results that within the N-terminal do-
main, the largest value observed is 12.2 Hz (residue
K42), and the smallest is 24.3 Hz (residue A16). Com-
pared to the same values obtained from CaM with the
second N-terminal metal binding site occupied by ter-
bium, as well as with the two C-terminal and the first
N-terminal metal binding sites occupied by calcium,
(CaTb)N(Ca2)CCaM, the range of RDC values of the
N-terminal domain of CLSP is sizably narrower (16.5 Hz
versus 59 Hz). On the contrary, the spreading of RDC
values from the C-terminal domain (5.3 Hz, from 1.8
to 23.5 Hz) is even larger than in (CaLn)N(Ca2)CCaM
(2.6 Hz). In the latter, the ratio between the C-terminal
and the N-terminal RDC spreading is 0.05, while it is as
high as 0.3 in the present system. These results suggest
much less freedom to reorient between the two domains
compared with CaM.
The HSQC spectrum of N-CLSP is similar to that of the
same domain in the full-length protein, apart from few
differences (see Figure S5). The differences likely arise
from a limited structural interaction between the two
domains as also suggested by the reduced interdomain
motional freedom.
Calcium Binding Studies
Addition of calcium to the full-length and each isolated
domain of CLSP was followed by HSQC titrations. In
all cases, the protein signals are altered, as expected
Figure 2. C-CLSP Structure
(A) Ribbon representation of the C-CLSP family.
(B) Mean structure obtained after restrained energy minimization.
Structure
1032Figure 3. Relaxation Parameters
15N relaxation parameters of full-length CLSP
measured at 500 MHz and 25ºC.for a calcium binding protein. At variance with other
members of the EF-hand superfamily characterized by
high mobility in the apo form (Weljie and Vogel, 2004;
Ames et al., 2000; Theret et al., 2000; Aitio et al., 2001),
the signal spreading decreased upon addition of cal-
cium, mostly from the C-terminal domain. The line widths
of the HSQC peaks in the apo and in the Ca2+-loaded
form are equal, ruling out aggregation phenomena. The
number of NOEs also decreased. This prevented us
from attempting further structural studies in the pres-
ence of Ca2+. However, [1H-15N] HSQC could be used
to monitor the filling sequence of the calcium binding
sites. Considering a selection of well-resolved peaks in
the spectra, roughly one per secondary structure ele-
ment, we noticed that the residues from the N-terminal
part undergo a large decrease in their intensities upon
addition of the first equivalent of calcium. After the addi-
tion of one calcium equivalent, the least perturbed peaks
were all from the second EF-hand motif, clearly pointing
to calcium binding to the first loop. Residues from the
C-terminal domain, in contrast, display a larger intensity
variation in the range from 1 to 3 calcium equivalents
(Table 2 and Figure S6). In this case, calcium binding is
cooperative, as for a normal EF-hand domain, i.e., the
third and fourth calcium binding loops are occupied pair-wise along the titration. Again, this can be safely
ascertained by the fact that almost all peaks in the C-ter-
minal domain are affected and that the changes are com-
plete only after addition of the third equivalent. Beyond
the third equivalent, N-terminal peaks are again per-
turbed, and the perturbation extends well beyond the
fourth equivalent. Consistently, the mass spectrum of
CLSP recorded in the presence of four equivalents of
calcium shows a distribution of species relative to the
protein bound of one, two, three, and four Ca2+ ions,
the most abundant being the species with three calcium
ions (Figure S2).
An ITC titration on the full-length protein was per-
formed. The thermodynamic parameters are summa-
rized in Table 3, while the titration curves are shown in
Figure S3. These parameters have been obtained by fit-
ting the data with the ‘‘sequential binding’’ mode imple-
mented in Microcal Origin imposing four binding sites.
The N-terminal sites display a negative DH, while the
C-terminal sites yield positive DH values upon calcium
binding. The same situation is found in TnC (Imaizumi
et al., 1987). In contrast, in CaM, the two Ca2+ binding
sites located in the C-terminal domain give an exother-
mic reaction, while the N-terminal domain sites give an
endothermic reaction (Gilli et al., 1998). It has however
Structural and Dynamic Characterization of CLSP
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less-concentrated salt condition, and it is known that
the ionic strength has an important effect on ITC mea-
surements.
Magnesium Binding Studies
CLSP is reported to bind magnesium in the N-terminal
domain (Durussel et al., 2002). Magnesium binding to
CLSP was also followed by HSQC titration. The peaks
more affected by the first additions of Mg2+ are those
relative to residues in the first EF-hand of the N-terminal
domain, as observed for calcium. Residues of the sec-
ond EF-hand of the N-terminal domain undergo much
smaller changes during the entire titration (Figure S7).
By continuing the addition of Mg2+ after the first equiva-
lent, signals of residues belonging to the C-terminal do-
main metal binding sites are affected. The peaks relative
to the C-terminal domain residues that are not part of the
metal binding loops undergo very little variation both in
intensity and in shift upon magnesium addition. The
changes in the C-terminal domain take place between
1 and 3 equivalents; after the addition of the third equiv-
alent of magnesium, no other changes are seen (Fig-
ure S7). The quality of the [1H-15N] HSQC spectra do
not decrease along the titration.
We then recorded a 3D 15N edited NOESY spectrum in
presence of three equivalents of Mg2+, from which it ap-
pears that the number of NOE peaks from the N-terminal
domain slightly increases, at least for the residues which
are in slow exchange between the apo and the Mg2+
form. Nevertheless, the number of NOEs displayed in
this spectrum still remains too small to attempt the
high-resolution structural characterization of the Mg2+
bound species.
By titrating with calcium the sample of CLSP in pres-
ence of four equivalents of magnesium, many of the
peaks of the C-terminal domain that underwent very
small changes during the magnesium titration are af-
fected, most of them being in slow exchange with the
new conformation. Also the new N-terminal domain
peaks that appeared during the magnesium titration
are affected to a similar extent. On the whole, the quality
of the [1H-15N] HSQC spectra decreases upon adding
Table 2. Position in the Primary Sequence and Major Variation
of Residues Considered to Monitor the Ca2+ Titration Followed
by NMR
Residue
Position in the
Primary Structure
Major Variation
in Intensity
E8 helix 1; EF-hand 1 0–1 eq.
G24 loop 1 0–0.5 eq.
G34 helix 2; EF-hand 1 0–1 eq.
G41 linker 0–1.5 eq.
L49 helix 1; EF-hand 2 0–1 eq.
S58 loop 2 0–2 eq.
G60 loop 2 0–2 eq.
T71 helix 2; EF-hand 2 0–0.5 eq.
G79 interdomain linker 1–3 eq.
D82 helix 1; EF-hand 3 1–3 eq.
G96 loop 3 0.5–3 eq.
A106 helix 2; EF-hand 3 1–3 eq.
G111 linker 1–3 eq.
Q116 helix 1; EF-hand 4 1.5–3 eq.
A140 helix 2; EF-hand 4 1–3 eq.Ca2+, and the overall appearance of the spectra of
Ca2+-CLSP and Ca2+,Mg2+-CLSP is very similar, apart
from some peaks belonging to the N-terminal domain
residues, which are invisible in the Ca2+,Mg2+-CLSP
species.
Thermal Unfolding Studies
Comparing the far UV dichroic spectra of apo CLSP with
the calcium and magnesium bound forms, it appears
that both metals increase the a-helical content of the
protein (Figure S1); the same effect was noticed in
CaM (Martin and Bayley, 1986). Changes in the far UV
CD were monitored continuously from 10ºC to 85ºC,
and the temperature of melting of the secondary struc-
ture was measured by plotting the ellipticity values at
222 nm against the temperature. Apo CLSP clearly dis-
plays two distinct transitions (Figure S1); the addition
of an excess of magnesium (0.1 mM in a 15 mM protein
solution) has a strong effect only on the first transition,
which is shifted to higher temperature, while the second
seems unaffected. Calcium (0.1 mM in a 15 mM protein
solution), on the other hand, has a stabilizing effect on
both transitions, the q222 value at 85ºC being 217.20
compared with 212.05 and 210.88 for the apo and
Mg2+ bound species, respectively. The thermal unfold-
ing experiments were then repeated on samples con-
taining either Ca2+ or Mg2+ at equimolar concentration
to the protein. In both cases (data not shown) there is
little effect on the a-helical content at 25ºC, and the
larger stabilizing effect is seen in the first transition. As
we have established that both Ca2+ and Mg2+ bind the
first N-terminal loop first, the first transition is assigned
to the loss of secondary structure in the N-terminal
domain, while the transition occurring at higher tem-
perature is assigned to the unfolding of the C-terminal
helices.
Discussion
All the experimental data presented so far show the N-
terminal domain of CLSP to possess a highly dynamic
nature. The lack of [1H-1H] NOEs, both in the full-length
protein and the isolated domain, points to a behavior
in which the secondary structure elements, known by
the CSI analysis to be conserved, fluctuate in space
without maintaining a definite reciprocal orientation.
The narrow spreading of the RDC measured on TbCLSP
within the N-terminal domain supports this picture and
provides a tool for comparison with CaM where, for
the species (CaTb)N(Ca2)CCaM, the spreading of RDC
values in the N-terminal domain is sizably higher (Bertini
et al., 2004). The 15N relaxation parameters, besides
confirming that the N-terminal domain is affected by ex-
tended mobility, possibly in the ms range, as suggested
by the higher R2 value compared to that of the
Table 3. Thermodynamic Parameters of Calcium Binding to CLSP
K (M21) DH (kcal/mol)
Site 1 1.6 3 105 6 2.2 3 104 22210 6 57
Site 2 3.01 3 104 6 6.7 3 103 5037 6 492
Site 3 1.48 3 104 6 5.9 3 103 4959 6 1970
Site 4 5.56 3 103 6 2.2 3 103 26146 6 2060
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of this motion. The negative NOEs experienced by resi-
dues localized in the first and in the second loops, to-
gether with lower R1 values for some of their sequence
neighbors, prove that these residues are affected by
high mobility in the ns–ps range and that they can act
as hot spots of flexibility for the N-terminal domain.
The emerging picture is that of an N-terminal domain
with normal secondary structure, but little or no tertiary
structure, both in the absence and in the presence of
metals.
By a comparative analysis of the sequences of CLSP
and CaM, a plausible reason for the loss of a stable 3D
fold of the N-terminal domain of CLSP may be related
to the methionine content. CaM has nine methionines,
which are important for the definition of the hydrophobic
core. Their oxidative modification disrupts specific non-
covalent interactions, leading to a loss of thermal stabil-
ity (Gao et al., 1998). Conversely, CLSP has four Met
residues, and none of them are in the N-terminal domain.
Met37 and Met52 are substituted by Leu, which is a
slightly shorter hydrophobic residue, while Met72 and
Met73 are even substituted by Ala. By modeling (San-
chez et al., 2000) the sequence of N-CLSP on the struc-
ture of apo N-CaM, an unlikely structure results with a
very good backbone rmsd to the template (<0.1), but
with a number of cavities in the hydrophobic core,
caused by the above mentioned substitution and by
the further change of Phe 20 into Val (Figure 4). This in-
dicates that it is not energetically plausible for the N-ter-
minal domain of CLSP to adopt the same conformation
adopted by the corresponding domain of CaM, i.e., the
folded state is unstable. The residues discussed above
are found to be conserved among primate CLSP and
partially conserved also in other mammals (see Figure 5),
confirming that a mobile N-terminal domain must be
a functional feature of this protein.
On the contrary, the C-terminal domain maintains the
necessary characteristics to adopt a fold similar to the
corresponding domain of CaM, as proved by the struc-
ture determined on the isolated domain. Consistently,
the sequence identity of C-CLSP with C-CaM is higher
(53%) compared to that of N-CLSP with N-CaM (47%).
Nevertheless, the C-terminal domain of the full-length
protein seems to have higher dynamic properties than
the isolated domain, as indicated by the lower number
of interproton NOE peaks in the NOESY spectra of the
full-length protein.
Beyond the amino acid changes that modify the be-
havior of the N-terminal domain, it appears that another
set of modifications took place that changed the confor-
mational degrees of freedom of one domain with respect
to the other. In fact, CaM has two domains that move es-
sentially independently from one another (Zhang et al.,
1995; Barbato et al., 1992; Bertini et al., 2004). Con-
versely, the spreading of the RDC values from the
C-terminal domain in TbCLSP, which should have been
smaller than that found in (CaTb)N(Ca2)CCaM as a con-
sequence of the narrower range of RDC values in the
N-terminal domain of CLSP, is instead even larger than
in CaM, and some residues in the N-terminal domain of
CLSP display [1H-15N] HSQC peaks with different shifts
depending on whether the domain is part of the entire
protein or isolated (Figure S5). This qualitatively trans-lates in a more restricted movement of the C-terminal
domain with respect to the N-terminal domain. The final
picture should be, thus, a situation more similar to
CPDK, where the two domains are structurally close to
one another (Weljie and Vogel, 2004), than to CaM.
One feature of CLSP that may justify the latter behavior
is the length of the interdomain linker. In CLSP, it is
shorter by three residues than in CaM (Figure 5). Further-
more, the fifth helix, as highlighted by the CSI analysis, is
shifted toward the N terminus by four residues. This
results in an interdomain linker where only seven (versus
14 in CaM) residues lack secondary structure and, there-
fore, in a linker that is likely to be less flexible.
The calcium binding properties of CLSP are also pe-
culiar. The experimental evidence obtained by NMR,
ITC, and MS titration studies point to one medium affin-
ity calcium binding site (binding constant in the order of
105 M21), two lower affinity sites (binding constants
in the order of 104 M21), and one very low affinity site
(binding constant in the order of 103 M21). The binding
constant values are lower compared to those found in
CaM (Gilli et al., 1998), even if the sequence of the
Figure 4. Comparison of CaM Structure and CLSP Model
Space-filling representation of the experimental CaM N-terminal
domain structure (PDB:1CFC) and of the CLSP N-terminal domain
model. The model was generated by the program MODELLER
(6v2) with the N-terminal domain of CaM (PDB: 1CFC) as template.
(A), (B), and (C) refer to different orientations of the protein struc-
tures.
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1035Figure 5. Sequence Alignments
Alignment of human CLSP and human CaM (NP_059118 and NP_008819, respectively) and alignments of CLSP orthologs derived from the En-
sembl database. In the CLSP-CaM alignment, a-helical stretches as derived from the CSI analysis are reported, and stretches of residues lacking
secondary structure in the interdomain linker are highlighted by lines. Heavy gray highlighting refers to residues whose mutations compromise
the stability of the hydrophobic core. Light gray highlighting, in both the alignments, refers to residues constituting the calcium binding loops.binding loops are not significantly different. Neverthe-
less, this is not surprising as it has already been ob-
served for other members of the CaM-like family (Durus-
sel et al., 1993; Li et al., 1995; Weber et al., 1994). The
medium affinity site is located in the first EF-hand of
the N-terminal domain, then the C-domain sites are
filled, and finally the last site on the N domain is filled.
In a previous study (Durussel et al., 2002), high calcium
affinity for the N domain was also found. However, this
was attributed to binding of two calcium ions, whereas
all the present data point to the N-terminal domain hav-
ing one site with the highest affinity and the other with
the lowest affinity.
CLSP, as already stated in Durussel et al. (2002), is
prone to bind also magnesium. As observed with cal-
cium, the highest affinity site is in the first EF-hand of the
N-terminal domain, and then the C-terminal sites are
filled. As deduced by the shifts of the HSQC peaks, the
binding of Mg2+ to the N-terminal domain changes its
conformation, and the variation of conformation is dif-
ferent from that observed upon Ca2+ binding to the same
site. Conversely, the binding of magnesium to the C-ter-
minal domain does not affect the conformation of this
domain leaving it in the ‘‘closed’’ state characteristic of
the apo form, as already observed with other EF-hand
proteins (Malmendal et al., 1999, 1998). The addition of
calcium in presence of magnesium leads the C-terminaldomain peaks to the same shifts observed in the titration
of the apo protein. The disappearance, at the end of the
titration, of some peaks relative to residues of the first
N-terminal domain EF-hand proves that these remain in
exchange between the calcium and magnesium bound
states.
Concluding Remarks
In the course of evolution, the ancestor CaM underwent
a series of more or less severe changes. As a conse-
quence, the properties of the resulting proteins became
different from those of their common ancestor, produc-
ing the different families and the different members of
each family composing a large part of the EF-hand
superfamily of proteins. CLSP made its appearance in
this evolutionary process in a late stage. A search for or-
thologs in the Ensembl database (http://www.ensembl.
org/) produced CLSP sequences only in mammals (rat,
mouse, cow, dog, monkey). Moreover, the gene coding
for the human protein is intronless, while the gene of the
Rattus norvegicus possesses an intron, indicating that
human CLSP originated from a retrotranspositive event
that took place after the appearance of the rat. The
mutations that occurred in the sequence of CLSP led
the N-terminal domain to lose stability, made the recip-
rocal movement of the two domains more restricted,
and changed the calcium binding properties. All these
Structure
1036changes rendered CLSP a protein with unique proper-
ties among the members of the CaM-like family, even if
the single changes are not unique per se as they are
found in other members of the EF-hand superfamily
and even in other members of the CaM-like family.
To complete the picture, function should be consid-
ered in the evolutionary scenario. The common ancestor
of the EF-hand proteins likely had the role now fulfilled
by CaM, namely it was a protein capable of responding
to a variation in the intracellular Ca2+ concentration by
changing its conformation and thus becoming able to
bind and activate a variety of targets. When the ancestor
protein ran into mutations that changed its properties,
the ability to activate the same targets was, to different
extents, compromised. The rules of evolution dictate
that the new object is worth being conserved if a new
function can be associated to it, or discarded in the op-
posite case. In this respect, it is interesting to examine
the alignment of the CLSP orthologs (Figure 5). As
proved by the experimental data, the N-terminal domain
has acquired characteristics markedly different from the
N-terminal domain of CaM, which can be considered
highly similar to that of the common ancestor. This
means that the N-terminal domain is the one that sus-
tained the higher evolutionary pressure, as also wit-
nessed by the higher conservation, among the ortholog
sequences, of residues in the C-terminal domain (60%
homology, 30% identity) than in the N-terminal domain
(44% homology, 24% identity).
In conclusion, CLSP is an evolutionary late product
originating from the common EF-hand ancestor in which
changes in the primary sequence modified the stability
of the N domain, the motional freedom of one domain
with respect to the other, and the calcium binding prop-
erties. The new properties acquired by the protein upon
these variations are key elements to begin understand-
ing its biological role.
Experimental Procedures
Amplification and Cloning of the Gene and DNA Fragments
Coding for Human CLSP, N-CLSP, and C-CLSP
The nucleotide sequence coding for human CLSP was amplified
from cDNA by PCR with the primers oCLSPFor (50-ATGGCCGGTG
AGCTGACTCCT-30) and oCLSPRev (50-TCACTCCTGGGCGAGCAT
CCT-30). The amplified fragment of 441 bp was purified from agarose
gel and blunt-end ligated into the expression vector pQE30Xa
(QIAGEN) at the StuI site. The sequence of the gene in the plasmid
pQE-CLSP so far obtained was confirmed by single run sequencing
with standard forward and reverse primers for pQE30Xa, which was
performed by Primm Biotech.
The DNA fragments coding for the N-terminal CLSP domain
(N-CLSP, corresponding to the CLSP sequence from M1 to A76)
and C-terminal CLSP domain (C-CLSP corresponding to the CLSP
sequence from A76 to E146) were subcloned from plasmid pQE-
CLSP with the primers oCLSPFor, oCLSPRev, oCLSPNRev (50-TCA
GGCCTTCCTTGCCGCCGT-30), and oCLSPCFor (50-GCCAGGGCC
GGCCTGGAGGAC-30), for PCR amplification of pQE-CLSP. After
extraction from agarose gel, each fragment (231 bp and 216 bp, re-
spectively) was ligated to the pQE30Xa plasmid at the StuI site, and
the resulting constructs (pQE-NCLSP and pQE-CCLSP) were se-
quenced as described for the full-length gene.
Expression and Purification of Labeled and Unlabeled,
Recombinant CLSP, N-CLSP, and C-CLSP
E. coli host strain used for expression of recombinant CLSP,
C-CLSP, and N-CLSP was XL1Blue. Ampicillin (100 mg/ml) was
added to the media as a marker for cells selection, and bacterialgrowths were made at 37ºC. To produce unlabeled proteins, bac-
teria were grown in Luria Bertani medium (LB); for 15N-labeled and
15N, 13C-labeled proteins, the growths were made in minimal me-
dium (MM) containing 0.1% 15NH4SO4 as the sole nitrogen source
and, respectively, 0.4% normal glucose or 0.1% 13C glucose as
the sole carbon source. Isopropyl b-thiogalactopiranoside (IPTG)
1 mM was added to the colture when the absorbance at 600 nm
reached the value 0.5, to induce protein expression; cells were har-
vested after 15 hr from induction. Purification of C-CLSP, was car-
ried out with a standard protocol for histidine-tagged proteins
(Babini et al., 2004) and Factor Xa (Amersham-Biosciences) for
cleavage of the tag. The steps followed were: metal chelate affinity
chromatography (nickel chelate HiTrap, Amersham-Biosciences),
cleavage with Factor Xa, metal chelate affinity chromatography to
remove the tag and uncleaved protein, size exclusion chromatogra-
phy (Superdex 75 Hiload 16/60 column, Pharmacia Biotech), and
anion exchange chromatography (diethylaminoethyl, DEAE column,
Whatman). Purified C-CLSP concentration was determined by mea-
suring the absorbance at 276 nm with the extinction coefficient 3276 =
1450 M21 cm21, as calculated by ProtPar parameter tools (http://us.
expasy.org/tools/protparam.html).
Purification of recombinant CLSP and of N-CLSP, both produced
in a soluble form, was carried out as for C-CLSP. Purification of the
labeled proteins included a denaturation-refolding step on the nickel
chelate column. Briefly, after loading the His6-tagged protein sample
on the HiTrap column, a denaturation solution (Tris 50 mM [pH 8.0],
NaCl 200 mM, guanidinium chloride 7 M) was passed through the
column, for 4 hr at flow 0.5 ml/min. Guanidinium was slowly removed
from the column by applying a 16 hr gradient of a 50 mM Tris,
200 mM NaCl solution at pH 8.0 to allow protein refolding. After
elution of the protein from the HiTrap column, the cleavage and
the other purification steps were the same used for the C-terminal
domain. The concentrations of purified CLSP and N-CLSP were
determined by measuring the absorbance at 276 nm by using ex-
tinction coefficients: 3276 = 3400 M
21 cm21 for CLSP and 3276 =
1450 M21 cm21 for N-CLSP.
Circular-Dichroism Measurements
CD spectra were acquired with a Jasco J-810 spectropolarimeter at
temperatures ranging from 10ºC to 85ºC on a 300 ml solution 15 mM of
full-length CLSP in 20 mM HEPES, 50 mM NaCl (pH 6.9) in a quartz
cuvette of 1 mm optical path.
Electrospray MS Measurements
Electrospray ionization (ESI)-MS spectra were taken with an Applied
Biosystems ESI-TOF Mariner mass spectrometer. The sample was
constituted by a 50 mM solution of full-length CLSP in 10 mM ammo-
nium acetate. Ca2+ was added as calcium acetate.
NMR Sample Preparation and Measurements
NMR samples were prepared by dissolving the protein in 400 ml of
the solution containing 100 mM NaCl, to which 50 ml of D2O were
added. The final concentration of both the full-length and the iso-
lated domains samples ranged between 0.2 and 2 mM. The pH of
the protein solution was adjusted at 7.
The NMR experiments were acquired on AVANCE 900, AVANCE
800, AVANCE 700, and DRX 500 spectrometers operating at the
nominal proton frequencies of 900.06, 800.13, 700.13, and 500.13
MHz. The 900, 800, and 500 MHz spectrometers are equipped with
a triple resonance (TXI) 5 mm cryoprobe with a z axis pulse field gra-
dient. All NMR experiments were performed at 298 K.
All the spectra were processed with the Bruker XWINNMR soft-
ware package and analyzed by the program CARA (ETH Zurich)
(Keller, 2004). The samples were stored at 4ºC between the mea-
surements.
Structure Calculation
NOE crosspeaks of the [1H-1H] NOESY experiments were integrated
by using the elliptical integration routine implemented in the pro-
gram NEASY (Keller, 2004). The intensities were then converted in
upper limit restraints (upl) with the program CALIBA. The other re-
straints used for the structure calculation were: backbone dihedral
f angles and stereospecific assignments of diasterotopic protons.
The program RAMACYANA (Guntert et al., 1997; Herrmann et al.,
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10372002; Bertini et al., 2003a) employing torsion angles dynamics (TAD)
combined with a simulated annealing algorithm was used to calcu-
late a family of 400 structures starting from randomly generated con-
formers in 10,000 steps. The quality of the calculated structures can
be assessed by a properly defined function (target function, TF) pro-
portional to the square deviation of the calculated restraints from the
experimental ones, plus the squared van der Waals contact viola-
tions. The 20 structures with the lowest TF were chosen to form
the final family, and rmsd values from the mean structure for the
backbone and heavy atoms (which include carbon, nitrogen, oxy-
gen, and sulfur atoms from the side chains) were calculated. The
programs MOLMOL (Koradi et al., 1996) and PROCHECK (Laskow-
ski et al., 1996, 1993) were then used for the analysis of the family
of structures, which were subsequently minimized by restrained en-
ergy minimization with AMBER 5.0 (Pearlman et al., 1997).
Backbone Relaxation
T1, T2, and {
1H}-15N NOE have been determined by recording 2D
HSQC-type experiments at 500 MHz spectrometer. Standard Bruker
pulse programs have been used, all incorporating sensitivity en-
hancement and water flip-back pulses. For T1 and T2 experiments
1 K 3 256 data points were acquired, and 1 K 3 512 for the
{1H}-15N NOE experiment. Spectra were transformed by zero filling
and linear prediction in the indirect dimension. In the acquisition of
T1 experiments, longitudinal delays of 2.5, 35, 75, 125, 190, 270,
370, 500, 675, 1000, and 1750 ms were used, while CPMG delays
of 16.96, 33.92, 50.88, 67.84, 84.80, 101.76, 118.72, 135.68, 169.60,
203.52, and 254.40 ms were used for T2 experiments; for both types
of experiments a recycling delays of 3 s was adopted. Steady-state
{1H}-15N NOE data were obtained by recording experiments with and
without 3 s of proton saturation with 6 s as total recycling delay. The
analysis of all the spectra was done with the program CARA. R2/R1
ratios, which are related to the overall tumbling of the protein, were
calculated after excluding residues with NOE < 0.5 and which do not
respect the following relation: (T2
mean 2 T2
i)/T2
mean 2 (T1
mean 2 T1
i)/
T1
mean < 1.5 SD.
RDC Measurements
One-bond 1H-15N coupling constants have been measured at 298 K
and 700 MHz by means of a doublet-separated sensitivity-enhanced
HSQC (Cordier et al., 1999). The sample of full-length CLSP was then
titrated carefully with TbCl3 up to one equivalent, the titration being
followed with some marker peaks from the first EF-hand of the N-ter-
minal domain, and then the J splitting was measured again. RDC
have been calculated as the difference of the J value in the presence
and absence of Tb3+ bound to the protein.
Isothermal Calorimetry
Binding of calcium ions to CLSP was studied by isothermal titration
calorimetry (ITC) with a Microcal VP-ITC instrument. A 0.05 mM pro-
tein solution in 20 mM MES, 200 mM NaCl at pH 7.0 was titrated with
a 2.5 mM CaCl2 solution in the same buffer up to a ligand/protein
concentration ratio of about eight. The heat of dilution was mea-
sured by the titration of the same buffer without the protein with
the same solution of Ca2+. The value obtained was subtracted
from the heat of reaction giving the effective heat of binding. The
data were analyzed with the Microcal Origin software.
Supplemental Data
Supplemental Data include the following figures: far UV dichroic
spectra, MS spectra, ITC titration curve, multiple alignment of the
CaM-like family, comparison of the full-length CLSP HSQC spec-
trum with those of the isolated domains, intensity plot of some
HSQC peaks along the Ca2+ and Mg2+ titration. They are available
at http://www.structure.org/cgi/content/full/14/6/1029/DC1/.
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